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Abstract 
Fatigue of the cell interconnectors is one of the main reasons for module failure. Especially with respect to module application in 
extreme climates new demands on solar cell interconnectors will arise. Optimizations in the manufacturing process to generate a 
product demand related microstructure are a key to improve the material behavior of interconnectors with respect to extreme 
climate loading conditions without increasing costs. For achieving this goal several aspects were considered in this paper: 
Influence of the annealing process on the fatigue behavior: Due to an optimization of the annealing process an increase in ribbon 
fatigue strength by a factor of four could be achieved. The effect consists of two parts: Firstly, annealing influences the 
geometrical shape generated during the fatigue experiment. Secondly, it affects crack formation and crack growth during fatigue. 
Influence of temperature on fatigue behavior: an increase in temperature leads to a significant reduction in fatigue strength (from 
25 to 100°C by factor 3). This results from increased dislocation creep at higher temperatures. Microstructural comparison of 
fracture patterns: The loading amplitude determines the roughness of the fracture surface: Smaller amplitudes lead to a coarser 
surface structure. This is important to compare accelerated lifetime testing in the lab and modules failures from the field. 
Simulation of temperature and microstructure dependent fatigue for lifetime prediction: Exemplarily it will be depicted how 
optimized fatigue behavior in the lab translates into real module lifetime under extreme climate conditions. Despite the actual 
numbers which show the potential of the approach, but could vary from sample to sample, the focus of the paper is the method 
itself and its physical background.   
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1. Motivation 
Amongst others solar module lifetime is limited by fatigue of solar cell interconnectors [1]. During temperature 
change, glass and backsheet of the photovoltaic module thermally contract or expand. Solar cells, which are bonded 
to them by the encapsulant, are forced to a relative displacement [2]. Additionally, mechanical loads (wind, snow) 
lead to periodic module bending [3] and cause further cell displacement within the module. Together, this repetitive 
displacement causes cyclic loading of the interconnectors between the cells. This can result in interconnector fatigue 
and thus in photovoltaic module failure. In deserts the change in temperature per day, and therefore the temperature 
induced loading amplitude of the cell interconnectors can reach up to 50 K [1]. High wind speeds up to 40 m/s (wind 
gust) are no exception and even occur in Germany [4]. Higher environmental temperatures and irradiation increase 
the operating temperature of the module and change mechanical properties of its components (especially encapsulant 
and copper ribbons) [5]. Additionally new robust module layouts for extreme environments, as glass-polymer-glass 
modules, create new requirements for the individual module components. For all this reasons a scientific 
investigation of the ribbons fatigue behaviour is inescapable to assure module reliability for 25 years in these 
demanding environments. 
2.  Lifetime prediction methods 
In this section different models for predicting the ribbon lifetime under cyclic load will be introduced. These 
models will be used to simulate the benefit of the microstructural optimization under environmental conditions.  
2.1. Mechanical fatigue experiments 
In order to understand the effect of repetitive loading on the ribbon its fatigue behavior was analyzed. For fatigue 
experiments a universal testing machine (Instron 5848 MicroTester) was used. Details about the setup and the 
procedure are described in [7]. An initial gap between the clamps of 4.5 mm was chosen. The test starts with an 
initial compression of 400 μm, which simulates gap reduction during the cooling step from lamination and results in 
a reproducible buckling of the interconnector. Around the new position a triangular shaped loading profile with 
constant amplitude is executed until ribbon failure. The amplitudes are chosen such that failure occurs within the 
low-cycle fatigue region (less than 10,000 cycles). Experiments at elevated temperatures need to consider thermal 
expansion of the clamping to assure a correct initial gap. 
 
 
                  
 
Fig. 1. Setup, procedure and exemplary results of fatigue experiments with different crimp shapes [7] 
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2.2. Lifetime modelling  
a) Experimental lifetime model: The dependence of load amplitude ο݃ܽ݌ and the corresponding cycles to failure 
஻ܰ can be represented by the Coffin-Manson relation within low-cycle-fatigue region [6] (see Table 1, left). The 
parameters ܽ and ܿ  are identified by regression of experimental data. The disadvantage of this model is that it 
depends on the ribbon geometry and ignores environmental conditions in the laminate (e.g. the encapsulant). 
 
b) Simulation lifetime model: In order to overcome these disadvantages the mechanical fatigue tests were 
simulated by means of finite element analysis and the experimental fatigue testing results were correlated to 
geometrically independent physical (based) quantities responsible for the fatigue. More detailed information about 
the simulation and the applied material models can be found in [7] and [8]. Assuming that the plastic strain energy 
density can be applied to describe ribbon fatigue, this quantity was simulated and correlated to the measured cycles 
to ribbon failure. The resulting relation can also be represented by a power law (Table 1, middle). The parameter ௙ܹ 
describes the material ductility and ݀ is the fatigue exponent of the material. The advantage of this model is that it 
can be implemented in the simulation of full-scale modules under arbitrary loading conditions (mechanical or 
thermal loading). The disadvantage is that only constant cyclic loading can be considered.   
 
 
Fig. 2. Left: Plastic strain in ribbon during first temperature cycle; Right: Geometry independent material fatigue model and 
experimental values for different types of bending (crimps) [7] 
 c) Simulation lifetime model for varying loading amplitudes: In order to overcome the upper mentioned 
disadvantages, the model needs to be expanded by a damage accumulation model. For first order approximation 
Miner’s rule is used (Table 1, right). For each loading cycle ݅ the plastic strain energy density increment ȟ௣௟ǡ௜ is 
calculated and the according cycles to failure ஻ܰǡ௜  are determined by the previous described simulation lifetime 
model. It is important to note that the loading amplitude may vary in each (half-)cycle. The damage parameter ܦ is 
calculated for the first ݊ loading cycles. New loading cycles can be added by increasing the number of cycles ݊ and 
considering the corresponding cycles to failure ஻ܰǡ௜. As long as the damage parameter is less than one (ܦሺ݊ሻ ൏ ͳ) 
the ribbon is assumed to be intact. When it exceeds one (ܦሺ݊ሻ ൒ ͳ) the ribbon is considered to be broken in the ݊-th 
loading cycle. This way the number of cycles to failure under arbitrary loading conditions can be simulated. 
Table 1. Basic equations for the different lifetime models 
Experimental lifetime model Simulation lifetime model for constant  cyclic load Simulation lifetime expansion for arbitrary loads 
ο݃ܽ݌௥௘௟ ൌ ܽ ή ሺ ஻ܰሻ௖ ߂ ௣ܹ௟ ൌ ௙ܹ ή ሺ ஻ܰሻௗ ܦሺ݊ሻ ൌ෍
ͳ
஻ܰǡ௜
௡
௜ୀଵ
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3. Lifetime enhancement by microstructural optimization 
In the previous section it was shown how the loading conditions and fatigue behavior of the ribbons can be 
characterized even for arbitrary layout. The goal of the following section is to optimize the ribbon with respect to its 
fatigue behavior. The previously mentioned techniques will be used to quantify the optimization effect. 
3.1. Manufacturing of solar cell interconnectors  
Despite the mechanical or temperature induced cell gap, the geometry and mechanical properties of the ribbon 
determine its fatigue behavior. The mechanical properties of the ribbon crucially depend on its microstructure, 
which is formed during production steps.  
Common raw materials for the ribbon manufacturers are copper wires of different diameter. In a drawing and 
rolling process the copper-core is brought to its final shape. During these processing steps the copper is highly 
plastically deformed. Dislocations are formed and accumulate to sub-grains and grain boundaries, which finally 
results in a refinement of the grain structure and subsequently to hardening of the material. In order to soften the 
ribbon (lower the yield strength) in accordance with the later application the copper-ribbon is annealed afterwards. 
A common industrial method of annealing is done in a continuous annealing furnace under inert gas atmosphere. 
The ribbon is carried through a hot furnace, where it is rapidly heated to a given temperature. Transport speed, 
temperatures and the length of the heating path within the oven define the annealing profile. In a last production step 
the annealed ribbon is carried through a solder bath and wetted with solder. After cooling it can be used for solar cell 
interconnection. 
3.2. Microstructural optimization by annealing in the lab 
Annealing consists of three different stages: The first stage of annealing is the recovery stage. The applied 
thermal energy increases the dislocation diffusion and dislocations are distributed more equally (within a grain) and 
may even annihilate each other (e.g. vacancies get reoccupied by neighboring atoms). This way dislocations and the 
stress caused by them can be removed. Nevertheless mechanical properties do not change much and the grain 
geometry is not altered. The second stage is the (primary) recrystallization: This phase occurs when the applied 
thermal energy is high enough to cause (significant) grain boundary diffusion (instead of dislocation diffusion). The 
lowest temperature where recrystallization is observable is material specific and called recrystallization temperature. 
If just a few grains show significant grain growth (that may happen for too high annealing temperatures and times) 
the material becomes brittle and therefore the breaking elongation is reduced (secondary recrystallization).   
 
a) Annealing in rapid thermal processing oven 
In order to transfer the commonly used temperature profiles to laboratory scale a rapid thermal process oven was 
used. This oven consists of a sample holder which is placed between halogen lamps. Due to the halogen lamps fast 
thermal heat transfer rates can be achieved via heat radiation (up to 75 K/s). Argon was used as inert gas. A quasi-
trapezoid temperature-time profile was chosen. The influence of the process parameters as annealing time and 
temperature was investigated by mechanical testing and microstructural analysis (electron backscatter diffraction). 
  
b) Resistive annealing  
 A second method, which was applied to achieve higher heat transfer rates, was the resistive annealing. After the 
ribbon environment was air-evacuated, a high current was applied. The voltage supply had a build in current loop 
such that the current-time-profile, which characterizes the annealing, could be set. 
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4. Mechanical characterization 
a) Tensile testing 
 Tensile tests after annealing were carried out on a commercially available precision universal testing machine 
(Instron 5848 MicroTester) as explained in the methods section. In Fig. 3 left the systematic reduction of yield stress 
and increase of elongation at breakage can be seen. This stress-strain relationship is an important input for the finite 
element analysis. Furthermore, it drastically influences the actual geometry of buckling which is formed after 
lamination or in the mechanical fatigue experiments (Fig. 3 right).  
   
Fig. 3. Left: Tensile testing results for different annealing times; Right: Change in bending radius with annealing duration 
(experimental and simulation results in comparison) 
b) Fatigue testing 
Additionally, mechanical fatigue experiments from 2.1 were applied to investigate the influence of the annealing 
on fatigue strength. Each combination of annealing time and amplitude was tested three times to exclude outliers. 
The optimum was found at 50 A and 15 s. Ribbons treated with this annealing profile were tested with different 
loading amplitudes and the Coffin-Manson fatigue model was fitted to the data. Fig. 4 shows it in comparison to the 
industrial annealed ribbon. An increase in fatigue strength by factor 4 could be achieved. The change in fatigue 
strength consists of two effects: On the one hand microstructural changes due to annealing influence the constitutive 
behavior of the ribbon and therefore the bending radius after buckling. This way the local strain distribution during 
the fatigue experiments is altered and thus the cycles to failure. On the other hand the microstructure itself 
determines the amount of crack formation and crack growth during each loading cycle. 
 
Fig. 4. Experimental lifetime model (Coffin-Manson) for optimized and industrial annealed ribbons at 25°C and 100°C  
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5. Microstructural analysis  
The macro-scale mechanical properties of a device are determined by its microstructure. Furthermore 
microstructural insight allows concluding whether secondary crystallization occurred during the annealing process 
or whether there is still optimization potential. 
For investigation of the grain structure an electron backscatter diffraction technique (EBSD) was used.  The 
measuring device (an EBSD system TSL OIMTM with a DigiView III detector) is based on a conventional scanning 
electron microscope (SEM) equipped with an additional EBSD detector, which is placed next to the sample. 
Electrons of an electron gun hit the crystal lattice and are backscattered and diffracted within the lattice according to 
Bragg’s equation. From symmetries of the diffraction pattern and the distances between the lines grain orientation 
and lattice constants can be determined. Scanning pointwise over the sample and combining the evaluated grain 
orientations with the conventional SEM images a grain orientation map (Fig. 5 left) can be generated. Using image 
processing software these images are measured and the individual grain sizes and orientations are determined. 
a) Grain size analysis for various annealing durations 
Due to the longer stage of grain growth the average grain size increases with annealing time (Fig. 5 left). It is also 
observable that the grain size is uniformly distributed proofing that secondary recrystallization was not initialized 
yet. Furthermore the lowering in yield strength, which was observed in [9] directly correlates with the increase in 
grain size (Fig. 5 right).   
     
Fig. 5. Left: EBSD grain orientation map of the ribbons cross-section after different annealing times at 700°C: (a) 5 minutes, 
(b) 10 minutes, (c) 20 minutes; Right: Hall-Petch relation between yield strength and grain size [9] 
b) Microstructural influences on crack formation during fatigue   
Besides the constitutive behavior of the ribbon, which influences the bending radius and thus the localization of 
the stress field, the microstructure also influences the crack nucleation and propagation through the sample. Both 
influence the fatigue behavior of the ribbon. In this section crack propagation should be discussed. Fig. 6 left shows 
the fracture surfaces after cycling with different loading amplitudes. Smaller loading amplitudes lead to a coarser 
fracture surface (which coincides with ribbon failures from the field), whereas large amplitudes show typical fatigue 
striations. In further investigations it should be clarified where the crack is propagating. For this reason the 
mechanical experiments were stopped shortly before ribbon failure occurs and the samples were further investigated 
by microstructural analysis. The middle and right side of Fig. 6 show the grain orientation map of a small amplitude 
loaded copper ribbon superimposed with the quality of the assigned diffraction pattern.  
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It turned out that the crack propagates mainly intercrystalline for small loading amplitudes. Two examples are 
shown on Fig. 6 right: On the upper image the crack is propagating between two grains since only one of them 
shows annealing twins. Large loading amplitudes lead to a massive deformation of the grains, so the EBSD images 
cannot be interpreted easily. From the smooth fracture surfaces (Fig. 6 left) it can be assumed that large loading 
amplitudes result in both: inter- and transcrystalline fractures.  
 
Fig. 6. Left: Fracture surfaces after fatigue at different loading amplitudes; Middle: EBSD grain orientation map of the fatigue 
crack (industrial annealed, loading amplitude: 150μm); Right: marked regions showing intergrain crack growth 
6. Application for lifetime predictions in extreme climates 
In this section the effect of microstructural optimization and temperature on the ribbon lifetime should be 
demonstrated for Berlin (Germany) and Doha (Qatar). The first location represents moderate and the second an 
extreme (desert) climate. Module temperatures were simulated by insel® v8 software for one year and the daily 
minimum and maximum values are used as load for a finite element model of the PV module. A detail of the cell 
gap region is shown in Fig. 7 left. The ribbon material data is substituted as required for comparison. The other 
materials have standard properties (see [7] for further details). This simulation model provides the plastic strain 
energy increment  ȟ௣௟ǡ௜ for each temperature change (load cycle ݅). It is further necessary to generate the geometry 
independent fatigue model according to [7]. The particular fatigue tests are simulated to calculate the plastic strain 
energy density at each loading amplitude for the industrial and optimized ribbon (Fig. 7 right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 7. Left: FE model of the cell gap region in the PV module, Right: Geometry independent fatigue model for industrial and 
optimized ribbon 
crack 
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On basis of this data the damage introduced into the ribbon material over one year can be compared. The results 
are normalized for comparison purpose to the data of Berlin and the industrial material. Since there is no straight 
forward way to transfer isothermal fatigue data to a non-isothermal load, we use the 100°C data as worst case 
estimation. Absolute data can be misleading due to the simplification to only one temperature cycle per day (cloud 
movement, shading) and neglecting additional wind loads in this investigation. Furthermore the damage 
accumulation induced by elastic deformation is neglected, which may play a role for very small loading amplitudes. 
Therefore the evaluated lifetimes tend to overestimate the actual lifetimes and where normalized for that reason. 
Table 2. Comparison of estimated ribbon lifetime in different regions (proportional to 1/D).  
Location Material data Normalized lifetime  
(25°C fatigue model) 
Normalized lifetime 
(100°C fatigue model) 
Berlin (Germany) Industrial 1.00 0.32 
Optimized 1.85 -- 
Doha (Qatar) Industrial 0.33 0.11 
 Optimized 0.81 -- 
  
First of all, there is a distinct reduction in lifetime by a factor of 3 for extreme climate in Qatar compared to 
Germany for the industrial material. It can be clearly seen that a significant increase in lifetime was achieved by 
microstructural optimization. Its benefit is even larger in extreme climates. Further a considerable impact is shown 
when the 100°C temperature data is used for damage estimation. This worst case estimation suggests about ten times 
faster failure regarding ribbon breakage. 
7. Summary and discussion 
The main focus of this work consists of two parts. The first part describes methods for an estimation of ribbon 
lifetime under arbitrary loads, which is especially important for extreme climates. The second part consists of an 
enhancement of this lifetime by microstructural optimization. At the end both parts were combined to estimate the 
effect of the optimization under real environmental conditions.  
The long-term reliability of the cell interconnector depends on the loading conditions of the ribbons, their 
geometry, the material temperature, thermal expansion and temperature dependent constitutive properties as well as 
fatigue behavior. Each of these factors can be quantified: The loading conditions can be quantified by image 
correlation technique and simulation ([2], [5]), the geometry by (light) microscopy, the temperature by module 
implemented thermocouples and the mechanical properties by mechanical testing. Here, the force-deformation 
behavior is measured by tensile (section 4a) and the fatigue behavior by cyclic testing at defined amplitudes (section 
4b).  
From these quantities the geometry dependent fatigue behavior, which was investigated in the tests, could be 
translated into a geometry independent fatigue model. This model is based on the assumption that the plastic strain 
energy density increment is the dominating root cause for material fatigue [8]. For small amplitudes and long 
lifetimes (>104 cycles), also the elastic part of the energy density has to be considered [8]. Implementing this model 
in FEM studies of full-scale modules (including all material data and geometries), the ribbon lifetime for arbitrary 
but constant cyclic load can be estimated. For simulating arbitrary loading conditions the model is expanded by a 
damage accumulation model (Miner’s rule). A specific damage can be assigned to each load (half-)cycle. The 
damages of each (half-)cycle are added until a critical value is exceeded and the ribbon is considered to be broken. 
This model does neither respect the order of the load history nor its effect on the following cycles. However this 
model is used to evaluate the results of arbitrary load profiles in a first order approximation. These load profiles can 
be simulated with a numerical model of a PV module for different environments. It is important to note that also the 
temperature has a significant influence on the fatigue behavior. This was neglected in previous investigations so far 
[7] and should be considered in future simulation models.  
In the next part the ribbons lifetime should be enhanced by optimization of the above mentioned factors. 
Changing the geometry of the ribbon between the cells by mechanical deformation – often called “crimping” - 
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turned out to be disadvantageous. Changing the ribbons cross-section is limited by shading losses and electrical 
requirements. The parameter left is to change the material itself. Copper has good electrical properties and is 
comparatively affordable, so it cannot be replaced easily, but the material properties can be altered by influencing its 
microstructure. In this work the annealing step of industrial drawn and rolled, but unannealed copper ribbons was 
specifically tuned to optimize the ribbons microstructure with respect to lifetime within the module. It turned out 
that annealing has two major influences important for an increase in ribbon lifetime. On the one hand it changes the 
force-deformation behavior, which determines the geometry of the uncrimped ribbon, which is formed after the 
lamination step. Long annealing leads to low yield strength and strain hardening coefficient and thus to a large 
radius of curvature of the ribbon bend in between of the cells. Low radii result in a load concentration on the small 
area of bending and therefore lead to earlier fatigue, whereas high radii increase ribbon lifetime. On the other hand 
the microstructure also has direct influence on the fatigue behavior itself. Especially for small amplitudes fatigue 
cracks mainly run along the grain boundary (intercrystalline crack growth). Larger grains lead to an increase in 
crack path, since the crack runs around the grains. This could be the reason for the observed increase in low-cycle 
fatigue strength. For large loading amplitudes the crack also runs through the grains (inter- and transcrystalline crack 
growth) thus the advantage of the larger grains is reduced resulting in a convergence of the cycles to failure for 
optimized and standard annealed ribbons in the geometrically independent fatigue model. Furthermore the larger 
grain structure leads to a larger free dislocation path length and therefor the ability to deform plastically is increased 
(more ductile). The effect of improved low-cycle fatigue strength with larger grains was also found in [10]. 
In the last part the advantages of the optimization under extreme climate conditions were simulated with the 
newly established lifetime model. It turned out that desert climate lead to an increase in ribbon load and thus to a 
reduction of ribbon lifetime (by a factor of three, when comparing Germany and Qatar). With help of annealing a 
significant increase in expected lifetime (by a factor of 1.8 for German and 2.4 for Qatar climate) could be achieved. 
The temperature of the ribbon has a major effect on its fatigue behavior. A factor of three was observed by using a 
fatigue model evaluated at 100°C instead of a room temperature model. So in future work the ribbon temperature 
and a temperature dependent fatigue model should be implemented to refine the lifetime estimation. 
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